Objective: To explore the real-time effects of interictal epileptiform discharges (IEDs) on hippocampus and amygdala functional connectivity (FC) in unilateral temporal lobe epilepsy (TLE). Methods: Patients with unilateral TLE were recruited and underwent simultaneous electroencephalography-functional magnetic resonance imaging (EEG-fMRI) scanning. Simultaneous EEG was used to define the prespike (10 s before spike) and postspike (10 s after spike) periods. Dynamic FC analysis was applied using the left/right hippocampus and amygdala separately as a seed region to map the network alterations after IED occurrence. Results: A total of 261 IED events (133 left, 128 right) from 21 patients with unilateral TLE (10 left, 11 right) were analyzed. Left IEDs had a greater influence on the hippocampus-seeded networks, whereas right IEDs affected the amygdala-seeded networks more. Left IEDs disconnected the ipsilateral hippocampus and the default mode network, which might be related to cognitive impairment in TLE. The reward-emotion network (more of the prefrontal-limbic system) and visual network also showed FC changes after left IEDs. The reward-emotion network (more of the reward system) was coactivated after right IEDs, indicating a possible mechanism of forced normalization. Significance: This study directly linked the disrupted functional networks in TLE to epileptic activities and offered a unique tool for future research to investigate mechanisms of comorbidities in TLE.
mode network (DMN) most frequently reported [6] [7] [8] followed by other networks, for example, the attention network, executive control network, and reward-emotion network. 5 In addition, studies have also shown resting state functional connectivity (FC) 9 alteration of the hippocampus and amygdala in TLE. [10] [11] [12] These brain network abnormalities are associated with epileptic activities 13 and psychiatric and cognitive symptoms in TLE. 10, 14 Previous studies mostly focused on static FC in TLE. However, the human brain is organized into dynamic functional networks. 15 Epileptiform activities, either IEDs or seizures, may affect the dynamic FC across the brain. Recently, dynamic FC emerges as a valuable approach for investigating the network behavior of brain. 16 Dynamic FC analysis based on simultaneous electroencephalographyfunctional magnetic resonance imaging (EEG-fMRI) integration has demonstrated dynamic switch of brain networks between epileptic and normal states during absence seizures. 17 Our previous study in rolandic epilepsy also found that interictal centrotemporal spikes directly disrupt the functional brain networks related to language, behavior, and cognition, which is in line with clinical and neuropsychological findings. 18 Significant blood oxygenation level-dependent (BOLD) responses in many extratemporal regions are related to temporal IEDs, 8, 19 suggesting that IEDs can affect neuronal activity remote from the epileptogenic zone. It is also reported that TLE patients had greater variance of dynamic FC between the hippocampus and other brain regions mainly in the precuneus, the supplementary and sensorimotor, and the frontal cortices compared with healthy controls. IEDs are assumed to generate such variance. 20 It can be hypothesized that temporal IEDs may interfere with the function of extratemporal areas through the FC networks. Yet how IEDs instantly affect the brain-wide dynamic FC in TLE has not been investigated. In the current study, we would like to explore the real-time changes of the hippocampus and amygdala FC networks across the peri-IED periods in unilateral TLE.
| MATERIALS AND METHODS

| Participants
Consecutive TLE patients (≥16-years-old) were recruited from the epilepsy outpatient clinic of West China Hospital from January 2014 to December 2016. Diagnosis and lateralization of the seizure focus were based on comprehensive evaluation of detailed medical history, neurologic examination, seizure semiology, interictal and ictal EEG, structural MRI, and positron emission tomography/computed tomography (PET/CT). All patients were diagnosed with unilateral TLE. Structural MRI showed unilateral hippocampal sclerosis or findings were negative. Patients were divided into the left and right TLE (LTLE and RTLE) groups. Differentiation of mesial and neocortical TLE was not made due to lack of evidence from invasive investigations.
Patients with a mass lesion-including malformation of cortical development, tumor, traumatic injury-were excluded. Patients with bilateral mesial temporal atrophy were excluded. Patients with grave neurologic/psychiatric disorders, such as encephalitis, dementia, or schizophrenia, which might have major effects on brain function, were also excluded.
| Ethics
The study protocol was approved by the local ethics committee. Each participant was fully informed of the study procedure and provided written informed consent prior to study participation.
| Data acquisition
The fMRI data were obtained with a 3T MR scanner (Trio, Siemens) with an 8-channel phased array head coil. A T2-weighted gradient-echoplanar imaging sequence was used for fMRI ( 
| Data analysis
| EEG data analysis
Electroencephalography data were analyzed using Brain Vision Analyzer 2.1 (Brain Products). After removal of MR artifacts and ballistocardiogram artifacts, 2 trained electroencephalographers independently marked the interictal spikes, which were similar to those recorded during routine EEG or long-term video-EEG monitoring according to both spatial distribution and morphology. 21 Consensus was achieved after discussion. Participants with fewer than three eligible IED events recorded inside the scanner were excluded. For those who had more than 3 IEDs, fMRI sessions without IEDs recorded were excluded for later analysis.
| fMRI data preprocessing
All fMRI data were preprocessed using DPARSF (http:// www.restfmri.net) and SPM8 (http://www.fil.ion.ucl.ac.uk/ spm) toolkits. Images were realigned and corrected for slice timing after the first 5 images were discarded. 
| Analysis of IED-related BOLD responses
All the IEDs detected during scanning were included for analysis. The preprocessed fMRI time series were statistically analyzed at an individual level in which the regressor of every single spike was convolved with a canonical hemodynamic response function (HRF). 22 Motion parameters were included as covariates. A first-level random-effects model (one-sample t test) was performed to determine the regions with significant BOLD responses related to IEDs. The uncorrected statistical threshold P < 0.001 for cluster level (voxel height P = 0.001, minimum cluster size = 60) was applied.
| Analysis of dynamic FC maps
IEDs that occurred within the first 20 s or last 10 s of the fMRI session were excluded because of insufficient volumes for further FC analysis. To avoid an overlap of pre-and postspike phases and an influence from previous spikes, an IED was excluded if there was a spike within the 30 s prior to it. For polyspikes or repetitive spikes, the earliest peak was marked as an event for subsequent analysis. The total number of IEDs and IEDs finally included for dynamic FC analysis for each patient are specified in Table 1 . Dynamic FC changes before and after IEDs were estimated using the DynamicBC toolbox. 23 The flexible least squares (FLS) method and seed-to-voxel-based connectivity measure was applied. Bilateral (left and right separately) hippocampus and amygdala from the automated anatomic labeling atlas were, respectively, selected as seed. The FLS algorithm uncovered the time-varying coefficients (β) of a regression model that described the dynamic connectivity between time series derived from the seed and all other brain voxels. A correlation map was calculated for each volume. β Amplitude values were displayed as warm and cool colors indicating positive and negative correlations. Then the dynamic correlation maps were separated into prespike (5 volumes, 10 s before each spike) and postspike (5 volumes, 10 s after each spike) time periods using information obtained from the EEG recordings. The canonical HRF adopted in traditional EEG-fMRI and task fMRI data analysis peaks at about 5 s. 24 Therefore, 10 s after a spike was approximately double the time-to-peak and could well cover the major BOLD responses related to the spike. This parameter has already been adopted by other published studies exploring the fMRI responses after IEDs.
18,25
The 5 volumes in each prespike or postspike period were averaged to represent the respective period. At last, a paired-sample t test was performed separately in the LTLE and RTLE groups (postspike minus prespike). T-maps were finally output. The uncorrected statistical threshold P < 0.05 for cluster level (voxel height P = 0.05, minimum cluster size = 60) alterations was initially explored. Then statistical threshold P < 0.05 with Gaussian random field (GRF) correction for cluster level (voxel height P = 0.01, extent P < 0.05) was applied.
| RESULTS
A total of 64 patients with unilateral TLE had undergone the EEG-fMRI scanning. Twenty-one patients (10 LTLE, 11 RTLE) who had more than 3 eligible IED events recorded inside the scanner were finally included. Demographic and clinical data are summarized in Table 1 . Detailed clinical information, including semiology, surgery, and postsurgical follow-up, if available, was provided in Table S1 . IEDrelated BOLD responses of each patient did not always locate in the mesial temporal lobe. They could also locate in temporal neocortex as well as a wide range of extratemporal regions. Information about IED-related BOLD responses for each patient and one example were provided in Table S2 and Figure S1 . For FC analysis, the number of selected IEDs for each participant ranged from 4 to 25, and a total of 261 IED events (133 left, 128 right) were included. 
| Dynamic FC alterations in LTLE
The uncorrected results showed rough trends of alterations in which the left hippocampus and left amygdala FC shared similar alterations after left IEDs. After GRF correction, the left-hippocampus-seeded FC had 3 significantly attenuated clusters, including the following: (a) bilateral (mostly left) superior frontal gyri with medial prefrontal cortex (mPFC) mostly involved, medial orbitofrontal cortex (OFC), anterior cingulate cortex (ACC), and subcallosal cortex (SCC); (b) bilateral precuneus and posterior cingulate cortex (PCC), calcarine sulcus, and lingual gyri; and (c) left inferior frontal gyrus and OFC, and left temporal pole. See Table S3 for uncorrected results, Table 2 for GRF corrected results, and Figure 1 for both.
| Dynamic FC alterations in RTLE
As the uncorrected alterations showed, the right and left amygdala had similar FC alterations after right IEDs. The right-amygdala-seeded FC showed significant alterations after GRF correction. Reinforced FC between the right amygdala and 2 clusters was as follows: (a) bilateral ACC, nucleus accumbens (NAc), and SCC; and (b) right superior and middle temporal gyri, temporal pole, and insula. See Table S4 for uncorrected results, Table 2 for GRF corrected results, and Figure 2 for both.
| DISCUSSION
The present study depicted the immediate changes of the hippocampus/amygdala-based FC networks right after the occurrence of interictal spikes. In light of the existing literature, the hippocampus-based FC is more impaired for patients with LTLE, 11, 14 whereas RTLE patients show more amygdala-based disruptions. 10 In accordance with that, our results showed different IED-related alterations in LTLE and RTLE: left IEDs (LTLE) had a greater influence on the hippocampus-seeded networks, whereas right IEDs (RTLE) affected the amygdala-seeded networks more. After left IEDs, weakened DMN recruitment of the left hippocampus was significantly seen. Although at the right IED occurrence, the right amygdala showed enhanced FC mainly in the reward-emotion network components.
| Default mode network
The DMN consists of bilateral and symmetrical cortices: the medial and lateral parietal, mPFC, and medial and lateral temporal cortices. 26 Hippocampus has intrinsic connectivity with the DMN, 27 in particular with posterior structures of the DMN to form the hippocampal-parietal memory network. 28 FC reductions between the DMN components and hippocampus, more significant in the ipsilateral hippocampus, 29 have been consistently observed in TLE, especially in LTLE. 11, 12, 29, 30 Even in interictal periods without IEDs, the hippocampus and amygdala are also less connected with the DMN. 12 Our results similarly showed FC reductions between the left (ipsilateral) hippocampus and DMN regions-almost all the DMN areas in the uncorrected results; the bilateral mPFC and precuneus/PPC after the GRF correction, at the left IED occurrence. These findings suggested some disruptive effects of the epileptiform activities (spikes) on the functional coordination of the memory/ cognition-related networks. With repetition, the transient effects might gradually produce long-term damages. Existing evidence has shown that hippocampal IEDs may contribute to cognitive dysfunction. 31 In addition, functional disconnection between the left hippocampus and the DMN is associated with memory deficits in TLE.
T A B L E 2
14 Similar changes have also been seen in memory disorders such as posttraumatic amnesia. 32 Hence, it is reasonable to infer that (left) IEDs could disconnect the ipsilateral hippocampus and the DMN components and possibly disrupt the hippocampal-parietal memory network, 28 resulting in cognitive impairment.
| Reward-emotion network
Reward processing and emotion regulation are core functions of the reward-emotion network. The reward system is centered on the dopaminergic mesolimbic system (dopaminergic neurons of the ventral tegmentum projecting to NAc, amygdala, insula, PFC, and other forebrain structures). 33 Emotional regulation is primarily based in the prefrontal-limbic system including the amygdala, hippocampus, striatum, insula, ACC, thalamus, and medial/lateral PFC. 34 The 2 systems overlap and interact with each other, controlling emotional states and emotion processing.
Amygdala, a classic common component of both the reward and prefrontal-limbic systems, can be used as the functional hub to identify the FC-based reward-emotion network. 35 Previous studies have shown reduced FC between the amygdala and other nodes of the rewardemotion network in TLE in the absence of IEDs, 12,36 which could be linked to emotional disorders such as depression, 37 as well as psychiatric comorbidities of TLE.
10,38
The current study presented attenuated FC between the left hippocampus and some components of the prefrontallimbic system (bilateral ventromedial PFC, ventral ACC, OFC) at the occurrence of the left IED, which was similar to previous static FC findings. 12, 36 These dynamic FC changes may infer that (left) IEDs would disturb emotional regulation by disrupting the prefrontal-limbic system. On the contrary, the FC between the right amygdala and the reward system (bilateral NAc/SCC, ACC, right insular cortex) increased immediately after right IEDs, resembling the brain response induced by emotional or rewarding stimuli and reflecting coactivation of the reward system. 39 This finding is highly enlightening, since epileptiform activities and psychiatric symptoms are bidirectional and interrelated conditions. 40 On one hand, forced normalization, known as a phenomenon with emergence of psychosis after seizure control, or decrease in IEDs accompanied by deterioration of psychiatric symptoms, is commonly observed in epilepsy, including TLE. 41, 42 On the other hand, brain stimulation such as electroconvulsive therapy-induced seizures and deep brain stimulation (DBS) can alleviate psychosis and depression. 43, 44 Moreover, the NAc/SCC (BA25) is an operative DBS target for depression treatment. 44 Our results proved that IEDs, in this case right IEDs, could also stimulate or influence NAc/SCC activity through the reward circuits. It is plausible that the spike-coordinated reward system might benefit the mood of TLE patients in the short term, and thereby underly the improved psychiatric state during periods with frequent IEDs. Hence, transient coactivation of the reward system after right IEDs provides a possible explanation for forced normalization.
| Visual Network
In the LTLE group, the left hippocampus showed decreased FC with bilateral mesial occipital lobe after IEDs. Clinically, visual perception has been reported to be unaffected in TLE. 45 However, fMRI studies have shown increased FC within the primary visual cortex 46 and decreased FC between the hippocampus and visual regions, 11 the mechanisms of which have not been fully understood. Our study linked the hippocampal-occipital FC alterations to epileptic activities of LTLE.
| Limitations
First, this study has a relatively small sample size. The variance of the IED number of each patient might introduce bias. Second, we recruited some MRI-negative TLE patients, and classification of mesial and neocortical TLE was not made due to lack of invasive investigations. However, neocortical TLE represents only about 10% of TLEs. 1 In addition, patients enrolled in this study were more clinically suggestive of mesial TLE. 47 Therefore, the results were probably more representative of mesial TLE. However, even mesial TLE has been demonstrated not to be a homogeneous group of patients, 48 which can be classified into different subtypes. This was not considered in this study. Finally, it is known that antiepileptic drugs (AEDs) might modulate brain excitability through various mechanisms. 49 However, the scope of this study was to identify the instant changes after IEDs, rather than the overall excitability of brain networks. Therefore, we think that the immediate FC changes were less likely to be severely affected by AEDs, even though most of the patients were taking them. 
| CONCLUSION
IEDs affected brain-wide dynamic networks via the hippocampus and amygdala FC in unilateral TLE. Immediately after IEDs, different FC alterations in LTLE and RTLE were observed. The DMN, reward-emotion network, and visual network were markedly involved. This study directly linked the disrupted functional networks in TLE to epileptic activities and offered a unique tool for future research to investigate mechanisms of comorbidities in TLE.
